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INTRODUCTION
The C3H/He inbred mouse is one of the model systems for acute myeloid leukemia (AML) induced by ionizing radiation. 1) Various types of AML cells from different mice have been established from normal myeloid cells 1-2 years after whole-body X-irradiation. It is presumed that immature myeloid cells are transformed into AML cells following the Xray-induced damage and subsequent events. We have previously reported that the myeloid cells in C3H/He mice express a higher level of RNA for retrotransposon, intracisternal Aparticle (IAP) element, and that the level of this message is further elevated in regenerated myeloid cells after the damage.
2)
The intracisternal A-particle (IAP) DNA element is a repetitive sequence containing a gag-pol gene-like sequence between 2 long-terminal repeats (LTRs) at both ends and is classified as a retrovirus-like retrotransposon in mice. 3, 4) Even though the IAP is unable to be expanded by horizontal transmission because of a deficiency in the env gene, the IAP RNA is reversely transcribed and integrated into a new locus of the mouse genome by a retrovirus-like retrotransposition mechanism. More than 2,000 copies of IAP elements per haploid exist in the normal mouse genome as a result of the accumulation of the retrotransposition in germ line cells during phylogenesis. When an IAP element is integrated into a gene locus in both germline and somatic cells, the function of the gene is modified by the destruction of the gene or by the appearance of IAP-LTR with an enhancer function. 5, 6) The examples of illegitimate gene function caused by IAP-mediated retrotransposition have been reported in the number of mutant mice [7] [8] [9] [10] [11] [12] and various tumor cells. 4, [13] [14] [15] [16] [17] [18] [19] [20] [21] We have also found that the integration of IAP elements is frequently detected in the genome of all AML cells from the different C3H/He individuals, though the tumorigenic transformation events occur independently in these mice after the irradiation. 22) These findings suggest that the IAP-mediated retrotransposition after x-irradiation is a common event at least in the myeloid cells of C3H/He inbred mice. However, the contributions and the effects of IAP-mediated retrotransposition in the AML cells are still not clear, since knowledge of the behavior of the IAP in the genome is limited.
The mouse genome has a full-length IAP element estimated at 7.2 kb and variants that have a deletion of various sizes within the gag-pol area. 3) Since the expression level of the types of the IAP element with the various deletions is susceptible to the cell type and genetic background of mice, the frequency of retrotransposition among the various deletion types is not known. We cloned 8 IAP elements that lead to an aberration of genomic DNA in AML cells from 6 individuals and compared them with 114 germline IAP elements that were isolated from the C3H/He mouse. Although various deletion types of the IAP element exist in germline cells, only two types contribute to the unique integration during or after the transformation of leukemia from the myeloid cells following damage by ionizing radiation.
MATERIALS AND METHODS

Tumor cells and DNA assay
C3H/He inbred mice produced in our institute were used in this study. After whole-body X-irradiation at 3 Gy, AML developed in 20-30% individuals within 2 years.
1) Spontaneous hepatic tumors were obtained in the mice at 3 years. Four clones of AML cell lines (L8002, L8028, L8065 and L8718) originating from different mice were maintained by in vivo passage. 23) Primary AML cells (L9207, L9209) and hepatic tumors cells (H-01-12) were also used in this study. The preparation of a C3H/He liver genomic DNA library, the cloning, and the hybridization experiments were all performed according to the general method. 24) A Cy5.5 sequencing kit and sequencers (GeneRapid and ALFII-Express, Amersham-Pharmacia, NJ, USA) were used to determine nucleotide sequences.
PCR conditions
To amplify DNA with the characteristic integration region of the IAP element in leukemia cells, we used a method described elsewhere 22) with some modifications. For the genomic PCR, we used primers for SINE-B2, in the forward (AFL, 5′-CCTCTTCTGGAGTGTCTGAAGAC-3′) and reverse (ARL, 5′-GCTGTCTTCAGACACTCCAGAAG-3′) directions, and for LTR of the IAP element, in the forward (cp2S, 5′-GAGCTGACGTTCACGGGAAAAAC-3′, position 205-183 of GenBank D63767) and reverse (cp3sf, 5′-ATGACTACTT GTGCTCTGCCTTC-3′, number 166-189 of GenBank D63767) directions. Regions for the integration site of the IAP element were amplified by the use of a combination of 4 primers (cp2s/AFL, cp2S/ARL, cp3SF/AFL and cp3sf/ARL).
The target allele of normal genome corresponding to the unique IAP-integration site in leukemia cells was amplified by the inverted PCR of circulated DNA from restriction fragments of germline DNA by using E. coli DNA ligase. Primers for the inverted PCR were designed from the non-IAP sequences in the unique integrated region head-to-head. For conventional PCR, we used Z-Taq polymerase (Takara Shuzo Co., Kyoto, Japan) with 30 cycles of 98°C for 2 s, 55°C for 5 s, 72°C for 10-30 s. For the cloning of the PCR products, the pMOS-blue (Amersham, NJ, USA) vector was used.
RESULTS
The detection and Isolation of unique integration sites of the IAP element in genomic DNA from the AML cells
To isolate the integration site of the IAP element in genomic DNA, the other repetitive sequence, we used the short interspersed element (SINE)-B2, with 100,000 copies located in the murine genome. 25) Regions containing genomic IAP elements at a distance of less than 4 kb from SINE-B2 were amplified by using a primer for the consensus sequence of SINE-B2 and a primer for the IAP element. Using two primers for SINE-B2 and two primers for the IAP element, forward and reverse for each, we obtained 4 sets of IAP plus SINE-B2 combinations. When germline DNA was amplified by the PCR using the primer set combining the backward IAP element with the forward SINE-B2, approximately 10 fragments of different sizes were obtained (Fig. 1a, lane 1) . All the DNA samples from different mice gave the same profile (data not shown). When genomic DNA from AML-L9207 cells was used, novel DNA bands of 0.7 kb were detected on the addition of the germline products (Fig. 1a, lanes 2) . Similarly, characteristic bands of various sizes were amplified by using DNAs from other AML lines, L9209, L8002, L8028, L8065 and L8718 (Fig. 1a, lanes 3-7) . With the use of different primer combinations for PCR, DNA from AML cells gave novel amplification bands beside the germ line profiles (Fig. 1, b-d) . In contrast, the amplification of new fragments was not observed when genomic DNA from 12 different hepatoma cell lines from C3H/He mice were used (Fig. 1e) . Among the unique amplification bands, 8 were cloned (Q10, Q11, Q13, Q14, Q18, Q32, Q33 and Q34) and used for further analysis (Table 1) .
Cloning and analysis of the target site of IAP elements for the unique integration in AML cells
The amplified DNAs of each clone consisted of nucleotide sequences for SINE-B2, the nonrepetitive sequence and the IAP element. From the non-repetitive sequence, a probe for Southern blot analysis and a primer for PCR were prepared. From the data obtained by Southern and PCR analyses using genomic DNA from AML cells (summarized in Table 1 ), it was shown that all of the novel bands were generated by the characteristic integration of the IAP element in AML cells. Except for clone-Q14, normal-and abnormal-sized hybridized bands coexisted in the corresponding AML, suggesting the insertion of the IAP element into one of the alleles in the genomic DNA.
The isolated clone contains one of the two ends of the IAP element. To isolate another junction in the AML genomic DNA of 4 clones (Q10, Q11, Q14, and Q18), the following operation was performed t(also shown in Fig. 2 ). According to the nucleotide sequence data of the nonrepetitive area of the first PCR product, a primer set for inverted PCR was prepared. By the inverted PCR of circularized DNA of the restricted C3H/He genome as a second PCR, a normal target The target duplication sequences are denoted as underlined bold letters. For the clones Q13, Q32, Q33 and Q34, each of the junctions is shown. Fig. 3 . Nucleotide sequence comparison of IAP elements. The complete nucleotide sequence of the full-length IAP element from the characteristic integration sites in AML8065 (clone-Q14) was aligned with MIA14 (GenBank M17551) with the denotement of different nucleotides, same nucleotides (.) and absent nucleotides (-). Predicted functional regions are indicated. Junction regions of the deletion in type-I∆1 IAP elements from the characteristic integration site in the leukemia cells (Q10, Q11, Q13, Q18, Q31, Q33, Q34, and a clone-K35 that are inserted into interleukin-3 described in our previous report, 27) and the germline of C3H/He mice (g2011, g0183, g1043, g1081, g1056, and g1051) were also compared. The nucleotide sequences of the deletion site and the surrounding region of clones-Q11, Q18, Q31, Q33, Q34, and K35 were denoted as 5Q+K, since the sequences for the region we0.2re identical.
allele including the integration site in AML cells was amplified. Nucleotide sequences of the second PCR product that did not overlap with the first PCR product represented another side of the insertion site for the IAP element in the corresponding AML cells. Using primers corresponding to the other side in the mouse genome and IAP element, the other junction was amplified by a third PCR of AML genomic DNA. The target site was revealed by comparing the nucleotide sequences of the three PCR products. The nucleotide sequences of the target allele inserted in the genome of the AML cells were shown in Fig. 2 . The integration of the IAP element in AML cells generates a set of short direct repeats of the mouse genomic sequence in size of 6 nucleotide, known as a target duplication. There was no common sequence or similarity among the target allele.
Analysis of the IAP element that contributes to the unique integration in AML cells
IAP-mediated retrotransposition is frequently detected in AML cells and may be caused by the activation of several IAP elements among the thousands of copies in the mouse genome. To reveal the structural features of the IAP element that contribute to the unique integration in the AML cells, whole IAP elements were cloned following the amplification of the genomic DNA from the original AML cells by longsize PCR primed by using a nonrepetitive sequence adjacent to the target site and the consensus sequence of IAP elements. The size of the entire IAP element for clone Q14 isolated from genomic DNA of L8065 AML cells was 7.3 kb. All the remaining 7 IAP elements for Q10, Q11, Q13, Q18, Q32, Q33 and Q34 were 5.4 kb in size. A PCR analysis indicated that the IAP elements for Q14 and the others are the full-length form and the ∆1 form of type I, respectively 3) (Table 1 ). Figure 3 shows the complete nucleotide sequence of the IAP element, Q14, compared with the widely studied fulllength IAP element, MIA14, from the germline of the Balb/c mouse.
26) The IAP element-Q14 is a full-length form of type I. As compared with MIA14, the overall differences caused by deletions and duplications of small sizes tend to congregate in the R-region in LTRs (nucleotide numbers 241 to 345) and the predicted gag region (466-481, 501-569, 714, 870, 1005, 1116, and 1236-1288), probably becaurse of variation in the genomic IAP element.
Type I∆1 IAP is known to have a deletion of 1.9 kb from the gag to the pol region.
3) Nucleotide sequences at the deletion sites of clones Q10, Q11, Q13, Q18, Q31, Q33, and Q34 and germline I∆1 IAP elements (g2011, g0183, g1043, g1081, g1056, and g1051) that were originally cloned from the genome of C3H/He mice are aligned in Fig. 3 . As with other I∆1 types, the deletion of nucleotides from position 1708 to 3608 was commonly observed in all the leukemiaderived clones of IAP elements. This means that 7 characteristic integration sites found in AML cells appeared by the insertion of the reverse transcripts from the I∆1 type of genomic IAP elements. A comparison of the nucleotide sequences of the deletion and the surrounding regions revealed a limited number of transitional variations among the I∆1 IAP elements. In contrast, many more differences, including transversional diversity between these I∆1 IAP elements and the clone Q14, were observed. This shows that a genomic IAP element originating the clone Q14 has some phylogenic distance against the genomic I∆1 type IAP elements that are retrotransposed in AML cells.
Variety in deletion subtypes of the IAP element in the genome of C3H/He mice
From the genomic library of normal C3H/He mice, we isolated clones that have the IAP element and analyzed deletion forms by PCR and dot-blot hybridization by using primers and probes for the inner parts of the IAP element, respectively. The probe for the upstream region of 3′-LTR (base number 6541 to 6928 in Fig. 3 ) was used for the isolation, since approximately 55% of IAP LTR-positive genomic clones had no internal sequences. The deletion type of 121 genomic IAP clones isolated was determined as shown in Fig. 4 . The major populations of genomic IAP elements are the fulllength form (21%) or the I∆4 form (32%) of type I. Although the type I∆1 IAP element occupies only 6% of total germline clones, the I∆1 type IAP RNA is the major population in the normal hematopoietic cells of C3H/He mice, 2) suggesting that most of the genomic IAP elements are repressed in the cells. The map of IAP types is designed with bold bars for LTR, slim bars for the existing area, and gray bars for the deleted area, with boxes indicating the integrase-like sequence that is characteristic of type-II IAP. To produce the map, we referred to nucleotide sequences of Q14 in Fig. 3 and GenBank M17551 for full-length type I, X04120 for I∆1, M10062 for I∆2, M18252 for I∆3, X01172 for I∆4, and X16672 for IIB. For each map, the name of the IAP type, the number of the isolated clones and the ratio are indicated on the right. 
DISCUSSION
Mouse genome contains thousands of copies of the retrotransposon IAP element that has a structural similarity to retroviruses. 3, 4) In this paper, we showed that additional copies of the IAP element with the abnormal genomic structure were increased in the genomes of tumor cells from AML of C3H/He mice induced by radiation (Fig. 1, a-d, Table 1 ). Since only a part of the integration sites of IAP element can be analyzed by this PCR-based method, numerous IAP integrations that were not detected by these experiments might be included in the genomic DNA of the AML cells. We previously reported that the IAP RNA at high levels in hematopoietic cells of C3H/He mice by nature is further increased after regeneration following radiation damage, and the hepatic cells express faint level of IAP.
2) If the IAP RNA level is related to the frequency of the integration of the cDNA, the retrotransposition frequency in hematopoietic cells should be higher than that in hepatic cells. In fact, such characteristic integration of IAP element was hardly to be detected in hepatoma cells of the C3H/He mice (Fig. 1e ). This supports a relationship between the level of IAP RNA and the incidence of retrotransposition in the cells, although the regulation mechanisms by which the entire IAP cDNA is synthesized from the shorter RNA before the integration are not elucidated yet.
We analyzed 8 IAP element clones integrated characteristically in genomic DNA in AML cells (Fig. 2) . A target duplication of 6 nucleotides in size located at both ends of the inserted IAP element was identified in all the unique integration sites, similar to the rearranged genes by the IAP-mediated retrotransposition in other tumor cells as reported previously. 14, 15, [18] [19] [20] 22) Because unusually long target duplication 27) was not found, it was suggested that these structures were generated by typical retrotransposition mechanisms of the IAP element. An absence of distinctive sequence among 8 germline sites of the target of the IAP element is consistent with the previous reports. 4, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Although the genomic region such as GM-CSF/IL-3 locus prone to receive IAP cDNA may exist, 14, 16, 27) the cDNA seems to be integrated randomly in the genomic DNA. Since there are many examples of genes modified by IAP-mediated retrotransposition in germline [8] [9] [10] [11] [12] and tumor [13] [14] [15] [16] [17] [18] [19] [20] [21] cells, it is speculated that the random genomic integration of IAP cDNA increases the possibility to modify gene function that may contribute to a transformation of the cells.
All the characteristic IAP elements isolated from leukemia cells are classified as type I (Figs. 3 and 4) , even though there are both type I and type II IAP elements in the genome of C3H/He mouse (Fig. 4) . Germline IAP elements also include further substructural variations, such as the full-length type and the deletants. Seven clones of type I∆1 and one clone of full-length IAP elements were identified in the AML cells (Table 1, Fig. 3 ). We have previously found that a large amount of type I∆1 IAP RNA of 5.4 kb in size and a faint amount of full-length IAP RNA of 7.2 kb are expressed 2) in the normal hematopoietic cells that are the source of AML cells. These results introduce speculation that the cellular IAP RNA level relates to the rate of the retrotransposition, though there are more complicated mechanisms including reverse transcription and integration that need to be understood.
An expression of type I∆1 IAP RNA molecule by itself is not enough for the retrotransposition, since this lacks 1.2 kb region in the predicted gag-pol gene. This means that the I∆1 IAP cDNAs in the 7 characteristic integration sites in AML cells were reversely transcribed from the RNA by an entire gag-pol gene product from the full-length IAP RNA. It is presumed that the examples of the integration of deficient IAP elements such as type I∆1 [7] [8] [9] [10] [11] [12] 4, 17, 18) and further short IAP elements 15, 16, 21) in the previous report resulted from this process. In contrast, an example of the insertion of full-length IAP element concurrent with gene aberration is limited. 19) This means that the full-length IAP RNA for intact gag-pol translation and IAP RNA for integration substrate must be separately considered to be analyzed for the retrotransposition during or after leukemogenesis following radiation.
Endogenous retroviruses have considerable impact to reveal leukemic transformation following radiation, since an activation of IAP-mediated retrotransposition can destablize genomic DNA. Other murine retrotransposons such as ETn and VL30 also could be transcribed in the same AML cells. 28) Because both the integration profiles in germline and the expression levels of IAP element are different among inbred mice, 2) IAP insertion characteristics in a tumor would hardly be detected by conventional LOH analyses to determine responsible regions for radiation tumorigenesis. 30) Stoichiometric studies of such endogenous retroviruses are necessary to estimate their contribution in the leukemogenesis following radiation. However, the exact quantitative analysis is difficult because any of the cells have a large amount of transcripts and genomic copies of inconsiderable IAP variants. The exact stoichiometric analysis on the process of IAP-mediated retrotransposition would be performed by further characterization in the future based on findings in this paper that the type-I-full and ∆1 IAP elements that were activated in AML cells.
